ABSTRACT
INTRODUCTION
Flow through the porous media has been studied in terms of its various applicability such to civil engineering, biology, mechanical engineering, etc. For the mechanical engineering, porous media is utilized for the catalytic reactors, pneumatic silencers, micro heat exchangers, etc. As for the heat exchangers, while the working fluid flows through the porous media, it is heated or cooled by the interaction of the porous walls. The advantage of the porous media as the heat exchanger is its wide contact area to the working fluid. Furthermore, due to its tortuous shape, fluid flow is mixed and thus the heat transfer is enhanced. In terms of its merits, the heat and mass transfer through the porous media has been extensively studied. Vafai and Tien [1] employed the volume averaging technique to simulate the heat transfer and they discussed the effects of the inertia and boundary. Masuoka and Takatsu [2] investigated the turbulence inside the porous media and they evaluated 0-equation model for flow and heat transfer. Lu et al. [3] presumed the open-celled metallic porous media as the perpendicularly-structured cells, and overall heat transfer Proceedings of the ASME/JSME 2011 8th Thermal Engineering Joint Conference AJTEC2011 March 13-17, 2011, Honolulu, Hawaii, USA
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coefficient and the pressure drop depending on the porosity are numerically discussed. Calmidi and Mahajan [4] [5] experimentally and numerically studied for the thermal conductivity and heat transfer for high-porosity open-celled porous heat exchanger. Angirasa [6] numerically investigated by using the volume-averaged vortex transport equations. Boomsma and Poulikakos [7] and Boomsma et al. [8] intensively studied the characterization of the porous media and the performance of the porous heat exchangers both by experiment. However, the aforementioned numerical computations for heat and fluid flow are based on the averaged governing equation, by which the detailed flow inside the porous media is unavailable. To simulate the flow in the microscopic view, Krishnan et al. [9] constructed the open-cell structures and discussed effects of the porosity and the permeability on the friction factor and Nusselt number. Their computation is carried out by commercial software based on the finite volume method. This method needs to solve a huge matrix to obtain the reasonable pressure and velocity fields at each time-step. Thus, the computation is time-expensive to obtain the converged heat and fluid field.
Recently, the lattice Boltzmann method (LBM) has been improved and under the spotlight. In LBM, the fluid flow is described by the density distribution function with propagation and collision processes at every time step. Therefore, the computational scheme is simple and the application of LBM has been discussed for various flow fields such as the multiphase flow [10] , nano-channel flow [11] and turbulence [12] . It has also been validated successfully for the heat transfer problem [13] . This method treats the wall-fluid boundary as a stepwise manner, thus even the complex structure such as porous media is easily captured [14] .
In this study, the heat and fluid flow inside various porous media is studied to investigate the validity and applicability of LBM. The porous media is presumed to be heated at the constant heat flux and the heat is exchanged to the fluid by flowing through the porous media. The structure of the porous media is assumed to be an ideal foam structure, that is, the same-sized pore is regularly aligned. The microscopic heat and fluid flow is validated and the overall heat transfer is examined in the following section. The heat transfer inside the porous media is further characterized in terms of the permeability.
COMPUTED MODEL
The open-cell foamed porous media are manufactured by using the bubble-foaming process with attaining the local equilibrium state between the gas and fluidized material, thus its structure is locally anisotropic. However, to investigate the effect of its structure on the heat transfer and to compare with the finite-volume method computation by [9] , the isotropic porous structure is favorable and thus employed in the current study. In this study, fluid flow through the infinite porous media with heating from the porous wall at the constant heat flux is presumed. Though the actual computed region is single opencell structure, a periodic boundary condition is applied to all the surface of computational region. Thus the present computation simulates the infinite structure.
The schematics for structures are shown in Fig. 1 . The body-centered-cubic (BCC) and the face-centered-cubic (FCC) pore structures are presumed in a cube of side length a, of which concept is derived from [9] and [14] . The uniform-sized spherical pore is placed in the BCC and FCC arrangements and the porosity ϕ is obtained from the subtraction by the cube with considering the overlapped void area. Therefore the porosity of the BCC open cell is calculated by following equation.
BCC:
where, V is the volume of cube, V f the void volume, R the pore radius, s the center-to-center distance between the vertices and body-centered or face-centered spheres, a the side length of the cube. Due to the geometric relation, 2 3a s = . The detailed derivation can be found in [9] . For making up the open-cell porous media, R should be larger than 0.5a for the fluid to flow through the structure.
In the same manner, the porosity of FCC structure is obtained by, FCC:
where, 2 2a s = . In the FCC structure, the pore radius is decided so as to be the same porosity as that of BCC structure. The resulted sphere radius and porosity are shown in Tab. 1. For the actual computation by LBM, the porous structure is arranged by accumulating small cubic obstacles, which implies the surface of the pore is step like. Thus the resulted porosity differs from the estimated value by Eqns. (1) and (2). However, the difference is less than 1 % due to the node number (100 3 ). The working fluid (air) flows into the plane at X = 0 and it goes out from an opposite side (X = a). The flow velocity is chosen not to induce the turbulent flow in terms of the stability of the computation and the convergence of the velocity and temperature profiles. The thermal boundary is given as the heating from the porous wall at the constant heat flux, which corresponds to the electrically-heated metal foam [4, 9] .
GOVERNING EQUATION Thermal Lattice Boltzmann Method
In the present study, the LBM is used for flow and thermal simulations. The time evolution equation of single-relaxationtime (SRT) Bhatnagar-Gross-Krook (BGK) LBM modified for the fluid and heat flow is expressed by following dimensionless equations [13] ; 
where, f and g are the density and energy distribution functions at the lattice site r and time t, respectively. In LBM, all variables including physical properties are usually treated in dimensionless form. (Thus variables in nomenclature are also dimensionless.) τ is the relaxation time, α is the discrete direction component. In the present computations, threedimensional 19-discrete velocity (D3Q19) model is employed thus α = 0-18, which is illustrated in Fig. 2 . Superscript eq represents the equilibrium state and the second term in the right-hand-side means the perturbation of the distribution function from the equilibrium state. f eq and g eq are expressed as follows [15] . 
where w α represents the weight function depending on the discrete velocity component.
is the speed of sound.
Value of w α is listed in Tab. 2. The density, the velocity, the pressure, the viscosity, the temperature and the thermal diffusivity are related to the density distribution functions as follows [16] ;
The Prandtl number Pr = ν/χ is adjusted 0.71 by using
Eqns. (10) and (12) 
where, M is a transformation matrix and is referred from d'Humières et al. [17] for D3Q19 model, S = (s 0 , s 2 , ….s 18 ) a diagonal collision matrix and m(r,t) is the moments of the distribution function. The viscosity can be defined by using the component of collision matrix,
The computational procedure is as follows. Since the present computation does not consider the buoyancy of the fluid, flow field is not affected by the temperature profile. Thus, the velocity field (Eqn. (13)) is first computed. After obtaining the steady state velocity profile, the permeability and the Reynolds number are respectively estimated by the pressure difference between the computational inlet and outlet, and bulk velocity. Then, the thermal computation (Eqn. (4)) is carried out by using the resulted velocity profile until the temperature profile is converged. After the computation, the Nusselt number is calculated. 
Boundary Conditions
The boundary conditions are as follows. At the side areas of the computational domain, the periodic boundary condition is employed for the density and energy distribution functions. The basic concept applied to LBM is detailed in Inamuro et al. [18] . At the parallel sides of flow direction (Y = 0, L, Z = 0, L), The superscripts in and out represent the inward and outward to the computational region, respectively. This implies that the unknown incoming value of f is obtained from the outgoing value at the opposite side. The same condition is applied for energy distribution function g. At the inlet and outlet boundary, the density difference Δρ is employed to induce the fluid flow in X-direction (at X = 0, L);
At the wall-fluid interface, a halfway bounce-back condition is applied. Thus, a non-slip condition on the porous wall is considered and the surface of the porous wall is stepwise as shown in Fig. 1 . The thermal boundary condition is as follows. Working fluid is heated from the porous wall at the constant heat flux during flowing through the infinite hot porous media. If this is the case, fluid temperature monotonically increases as the computation proceeds, resulting in the computational instability in LBM. Therefore, the boundary value of g at the inlet and outlet of the computational domain is arranged by subtracting the increased temperature ΔT.
( ) ( ) ( ) ( ) (19) ΔT represents the temperature difference between the averaged outlet temperature and the bulk temperature. Above boundary condition implies that the ratio of the equivalent energy distribution function is multiplied with considering the increased temperature by flowing through the computational region.
At wall-fluid interface, a constant heat flux normal to the porous wall is presumed. The difference of energy distribution function from the equilibrium state is kept the same respectively at the adjacent node. 
RESULTS AND DISCUSSION

Flow and Temperature Fields
The representative velocity and temperature profiles for BCC and FCC porous media are shown in Figs. 3 and 4. They are both at Re = 70, where the characteristic length is the side length, a.
In BCC structure, the perspective view ( Fig. 3(i) ) shows the magnitude of the streamwise velocity and temperature. High velocity spot appears at the four pore region at the front face and the narrow flow area at the side corner. Slow velocity can be seen behind the solid structure and the zero-velocity is inside the structure. Corresponding to the velocity profile, lowtemperature profile is attained in high-velocity region and vice versa. The detailed profiles at the cross-sectional area are shown in Fig. 3 (ii) with normalized velocity vector by mean velocity U mean . As shown in X = 0.5a, the inflow from the four front pore region flows toward the cube center. The velocity maxima inside the pore (red contour) exist at the diagonal and the local temperature becomes low. The velocity and temperature are confirmed to be symmetric at X = 0.5a. At Z = 0.5a, flow is locally weak due to its location behind the solid wall, where small vortices can be found. Divided flows by the obstacle diverge in the spherical pore. This flow is separated again to the next porous wall. The temperature maximum can be seen near X = 0 due to the stagnation of the flow. Consequently, the correspondence between velocity and temperature is sufficient, which suggests the validity of the heat and fluid flow simulation by LBM.
As the Reynolds number increases, the velocity and temperature profiles are still similar, except the magnitude of the vortex behind solid wall. This tendency is also observed when the pore size is changed to small. Figures and further discussion by the velocity and temperature are skipped due to the space of this paper, but this tendency affects the permeability which is discussed later.
For the FCC porous media, flow and temperature profiles become more complicated. This is due to the increase of the number of small pore under the same porosity as BCC structure. Therefore, the velocity maxima and temperature minima scatter as shown in Fig.4(i) . Note that the contour range of the streamwise velocity and temperature is not same as in BCC case. The correspondence between the velocity and temperature is in good agreement.
It is obvious that the velocity and temperature profiles are affected by the pore structure. Thus, further discussions are required in terms of the permeability and the heat transfer coefficient to clarify the effect of the pore structure. 
Permeability
From the given pressure difference and resulted average velocity, the permeability of the porous media is estimated. The relations between the velocity at the outlet and the pressure drop are found to be quadratic in the computed range of Re. This suggests that the flow structure such as vortices behind the porous wall is slightly affected. Thus the permeability is estimated by the Darcy-Forchheimer equation [19] ;
where, u d and c p represent the Darcy velocity and a coefficient. The dimensionless permeability K/d p 2 is listed in Tab. 3. In both porous media, the permeability increases as the porosity increases. Furthermore, it is confirmed that the permeability differs between the pore structures even at the same porosity. In the current study, FCC structure has smaller permeability at the small porosity and higher permeability at high porosity. This is due to the change in projection area in flow direction. 
Nusselt Number
The heat transfer characteristic from the porous wall to the fluid is evaluated by the Nusselt number. The definition based on the pore diameter is as follows;
where, T s and T in represent average porous surface temperature and average inlet temperature, respectively. The Nusselt number is shown in Fig. 5 with the modified Peclet number considering the porosity. In Fig. 5 , experimental data by Calmidi and Mahajan [5] and finite volume simulation by Krishnan et al. [9] are added. Krishnan et al.'s simulation is targeted to BCC and FCC structures and BCC data agrees with our result in Fig.5 (a) . This suggests the validity of the LBM simulation for heat and fluid flow through porous media. However, in the case of FCC, the discrepancy seems large as Pe increases. This may be due to the lack of the resolution of the small pore. FVM simulates the pore as the smooth surface and LBM represents the step-like which affects the surface roughness. Comparing to the experimental results by [5] are in the range between BCC and FCC structures even though the pore structure of [5] is unknown. This suggests that the real porous media has the small surface roughness, which beneficial to the LBM as a consequences.
The Nu d and Pe relations are in roughly linear both in BCC and FCC as shown in Fig. 5 . Compared at the same Pe, Nu d of FCC porous media has larger value than BCC. This qualitatively agrees with [20] and it implies that the heat transfer depends on the pore structure. However, relations of each pore diameter are not overlapped or connected especially in FCC porous media.
As shown in Tab. 3, the pore structure affects on the permeability. Thus, the computed data are re-arranged in terms of the permeability. d p in Eqn. 7 is replaced by the root of permeability. Figure 6 shows the relations between Nu K and modified Pe K . Characteristics length is changed to root of the permeability and is applied both to Nusselt and Peclet numbers. The relationship in each pore diameter is roughly unified. The magnitude of the Nusselt number becomes large for FCC porous media at the fixed Pe K . 
CONCLUSION
Simulations of the heat and fluid flow through infinite porous media are carried out for different pore structure and pore size. It is found that the LBM can simulate correctly the both and it enables to estimate the permeability depending on the porous structure. The heat transfer from the porous media to the fluid depends on the pore structure and the permeability. The relationship between heat transfer coefficient and flow velocity can be summarized by using permeability as the characteristic length. In the pore structures used, FCC has higher heat transfer than that of BCC.
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